The multiple indicator dilution technique was used to study transfer of labeled HCO 3~ across the hepatocyte membrane in the anesthetized mongrel dog. T he understanding of substrate and/or product behavior within an intact organ demands that one carry out in vivo tracer experiments to probe this in situ. We describe here multiple indicator dilution experiments designed to characterize the factors underlying the exchange of tracer bicarbonate between blood and the parenchymal cells of the liver.
T he understanding of substrate and/or product behavior within an intact organ demands that one carry out in vivo tracer experiments to probe this in situ. We describe here multiple indicator dilution experiments designed to characterize the factors underlying the exchange of tracer bicarbonate between blood and the parenchymal cells of the liver.
The multiple-indicator approach has proven to be a very valuable tool for elucidating mechanisms of cell entry and their relation to metabolic processes in intact organs. 1 In this approach, a tracer for the substance to be studied and an appropriate reference tracer are injected together into the blood flowing into an organ, and serial outflow samples are analyzed for their tracer content. The displacement of the study substance from the reference substance is analyzed by a model of the underlying processes. The theoretical basis for the approach has now been developed to such a level that metabolic product formation as well as precursor disappearance in an organ can be investigated. 2 For a complete analysis of distributed in space formation of product, it is easier if we develop first and separately an understanding of the behavior of the product, introduced by itself, through the vasculature.
Carbon dioxide is one such important metabolic product. The behavior of carbon dioxide is closely linked to that of bicarbonate by the action of the carbonic anhydrases. In the liver, bicarbonate is potentially an important metabolic substrate for processes such as gluconeogenesis, urea formation, and fatty acid biosynthesis and is, at the same time, a product. Because of its intrinsic interest and in anticipation of future efforts to understand metabolic carbon dioxide formation in the liver, we have performed multiple-indicator dilution experiments with bicarbonate as the labeled test substance.
Previous studies of bicarbonate transport in the kidney 3 and carbon dioxide exchange in the lung 4 -5 have used acetazolamide, an inhibitor of the carbonic anhydrases that catalyze the hydration of carbon dioxide, to explore the interrelation between bicarbonate and carbon dioxide. We use acetazolamide here in a similar fashion.
Materials and Methods

Experimental Protocols
Multiple indicator dilution experiments were carried out in mongrel dogs anesthetized with pentobarbital sodium (25 mg/kg, with supplemental doses as required) under control conditions (11 animals) and after inhibition of carbonic anhydrase with intravenous acetazolamide (16 animals) . Catheters were placed in the portal vein for injection of the tracers, in the left main hepatic venous reservoir for outflow sample collection, and in the femoral artery. 6 Approximately 30 minutes after closure of the abdominal incision, the tracers were injected as a bolus through the portal catheter, and timed blood samples of approximately one per second were obtained over a period of 30-100 seconds through the hepatic venous catheter with a finger pump and a mercury trough syringe-type anaerobic fraction collector. 7 In the inhibition experiments, acetazolamide (100 mg/kg; Cyanamide Canada, Montreal, Canada) was administered as an intravenous infusion of 5 minutes' duration, and the indicatordilution experiment was performed 10 minutes after the termination of the drug infusion. In some instances, a control and an inhibition experiment were performed in succession in the same animal; the acetazolamide was then injected immediately at the end of the control experiment.
The injection mixture was composed of erythrocytes labeled with ["Cr], a vascular reference, and plasma to which had been added [ 3 . Both the erythrocytes and the plasma for the injection mixture were obtained from the dog used for the experiment; when the dog had been given acetazolamide, the plasma used for the injection mixture was obtained from the dog shortly before the time of the tracer study so that it contained the drug at the appropriate concentration. The hematocrit of the mixture injected was matched in each case to that in the animal, and the temperature of the mixture was raised to body temperature. The pH of the injection mixture was always higher than 7.4.
In the experiments with acetazolamide, the injection procedure was carried out in such a fashion that the tracer bicarbonate did not come in contact with erythrocytes until the moment of injection, that is, in a red-cell nonpreequilibrated mode. This was achieved by using a double-syringe injection procedure, as previously described for study of the red-cell carriage phenomenon. 8 Labeled red cells, mixed with unlabeled plasma at a hematocrit twice that of the animal, and plasma containing the other tracers were placed in separate syringes (1 ml each), and the contents of both were injected simultaneously through Y-shaped tubing placed between the syringes and the injection catheter. This ensured continuous mixing of the red cells and plasma during injection, with delivery of a mixture with a hematocrit matching that of the animal. To avoid a very high hematocrit in the syringe containing the erythrocytes, which would have resulted in hemolysis during the injection, the systemic hematocrit in these dogs was reduced by bleeding coupled with simultaneous dextran and saline volume replacement. To produce comparable conditions, the reduced hematocrit approach was used in one subset of control experiments; in another subset, a single-injection normal hematocrit approach was used. To minimize the equilibration of the tracer bicarbonate with carbon dioxide in the presence of inhibitor at the pH of the plasma, tracer bicarbonate, contained in an unbuffered solution, was added to the plasma part of the injection mixture, which was exposed to air prior to its injection.
Analytical
Approaches To determine [ U C] activity in the bicarbonate and carbon dioxide in the blood samples collected in the anaerobic collector, 0.5-ml aliquots were withdrawn and immediately injected into closed 25-ml conical flasks containing 1 ml of 0.1 M lactic acid that were equipped with a center well (Kontes Glass, Vineland, New Jersey) containing 0.1 ml phenylethylamine. The flasks were opened the next day, and the radioactivity contained in the center wells was assayed by liquid scintillation spectrometry. A separate aliquot from the remaining sample was used for determination of the activity associated with the labeled red cells, [ 36 6 with trichloroacetic acid, 51 Cr radioactivity was determined by gamma ray spectrometry; an aliquot of the supernatant of the sample, after centrifugation, was used for liquid scintillation counting with Scinti Verse II (Fisher Scientific, Fairlawn, New Jersey) as the scintillation fluid. Correction for spillover was carried out by use of appropriate standards. Plasma pH, Pco 2 , and POj were determined with a Micro 13 pH/blood gas analyzer (Instrumentation Laboratory, Lexington, Massachusetts), and blood hemoglobin and oxygen content were determined spectrophotometrically with an OSM2 hcmoxygraph (Radiometer, Copenhagen from Fisher Scientific, Montreal, Canada, and were of the purest grade available.
Results
Outflow Profiles
Typical indicator dilution curves, obtained under control conditions and after inhibition of the carbonic anhydrases with acetazolamide, are shown in Figure 1 . The results are expressed in terms of the fraction of each injected tracer found per milliliter of effluent hepatic venous blood. The areas under the curves for 31 Cr-labeled red blood cells, Naf^Cl], and [ 3 H]sucrose or [ 3 H]water were the same, within experimental error. In each instance, the outflow profile of the labeled red cells shows the highest and earliest peak and a relatively rapid transit through the liver, that of the labeled chloride shows a longer transit time and larger dispersion, and that for labeled water is even more delayed and dispersed. The progressive delay in outflow appearance, diminution in magnitude, and increase in dispersion, as the space of distribution in the hepatic parenchyma increases, corresponds to that previously observed for these tracers. 8 The dilution curve for the tracer bicarbonate, obtained in the control situation in the absence of the inhibitor, fits nicely into this pattern; it shows a shape similar to that for labeled water, but slightly earlier and slightly larger in magnitude, and less dispersed. Thus, from inspection of the dilution curves, it is apparent that under physiological conditions the tracer bicarbonate is distributed rapidly into a space only slightly smaller in magnitude than that for labeled water, which indicates that the 14 C label must have entered the hepatocytes, presumably exchanging with intracellular bicarbonate.
After the addition of acetazolamide, the situation changes dramatically. The bicarbonate curve now peaks much earlier; it becomes generally similar in form to the curve for the labeled chloride. The new form indicates that the inhibition of the carbonic anhydrases has resulted in a considerable reduction in the space immediately accessible to bicarbonate. The most obvious explanation for the change in tracer behavior is that bicarbonate as such is transported only poorly or not at all across the cellular membranes of the hepatocytes and that under ordinary conditions, its conversion by carbonic anhydrase is so rapid that virtually all of the label is transferred across the membrane in the form of carbon dioxide (Figure 2) .
Superposition of Second Reference Curves by Use of the Delayed-Wave Model
From the mean transit times for each of the labels and the estimates of flow (obtained from the dilution curves) presented in Table 1 , total vascular, plasma interstitial, and cellular hepatic parenchymal spaces of distribution were estimated. 9 - 10 The forms of the diffusible label reference curves were also examined to determine whether they corresponded to a flow-limited distribution of tracer into tissue. The basic assumptions are that, within sinusoids, equilibration in the direction perpendicular to flow is instantaneous and longitudinal transport by diffusion can be neglected, and that dispersion of the transit times in the nonexchanging part of the hepatic circulation (that is, in the portal and hepatic veins and their branches) is negligible compared with that in the microvasculature. With these assumptions, the outflow profile of a diffusible tracer (such as labeled sucrose, chloride, or water) is expected to be related to that of the labeled red blood cells (which are confined to the vascular space) in a linear fashion, according to the following equation:
where Qu^t) and Qu^t) are the fractional tracer recoveries per unit blood volume for the diffusible tracer and the vascular reference tracer (labeled red blood cells), respectively; t is time; {l/[l+y]} is the ratio of the vascular sinusoidal to the total space of distribution; y is the ratio of the extravascular distribution space of the diffusible tracer to its vascular space of distribution; and to is the transit time of the tracers through the nonsinusoidal or large-vessel part of the system (after correction for transit times through injection and collection catheters). Linear superpositions of the corrected outflow profiles were carried out by fitting a cubic spline approximation of the cumulative diffusible tracer outflow data to the cumulative reference data, 11 optimizing the common to and individual space ratios by use of a nonlinear least-squares fitting algorithm from the International Mathematical and Statistical Library, Houston, Texas. The fitting procedure was applied to the labeled sucrose and water 6 and to the labeled chloride curves. The effect of the collection catheter on the forms of the outflow profiles was corrected by deconvolution, as described previously. Table 2 . Corresponding values for labeled bicarbonate curves are also listed.
Distribution Spaces of Reference Indicators
For labeled red blood cells, which are confined to the vascular space, y=0and, hence, QRBcW-QiwCt)- 12 Labeled sucrose, added to the plasma phase of the injection mixture, does not penetrate the intracellular phases of either red cells or hepatocytes and thus occupies only plasma vascular and interstitial spaces; the y value for sucrose, y^, will thus be the ratio of the volume of the interstitial space to that of the sinusoidal plasma space. Labeled water will enter both the red blood cells and the hepatocytes; thus, for this tracer, we find that 12 7^0=-1+/3 (2) where 0 is the ratio of the water space of the liver cells to that of sinusoidal plasma, yn 0 is the ratio of the sum of the cellular plus interstitial water spaces to the sinusoidal plasma water space, and /3 is the ratio of the sinusoidal red cell water space to the sinusoidal plasma water space. The value for /3 is calculated from 0.70 Hct = 0.94(l-Hct) (3) where Hct is the hematocrit of the blood and 0.94 and 0.70 are the water contents of plasma and packed red cells, respectively, in milliliters per milliliter.
In the case of chloride, the distribution of this ionic species within erythrocytes must be taken into account. Tracer chloride exchanges across the erythrocyte membrane via the action of capnophorin ("band 3 protein"), the chloride/bicarbonate exchange carrier located in the erythrocyte membrane. 13 Because this exchange is very rapid, the outflow dilution curves obtained were essentially similar to those expected for an infinitely rapid equilibration. For the purpose of the present exploration, we therefore regard the red blood cells as infinitely permeable to chloride; because both chloride and sucrose have access to the same interstitial space, 8 the value used for the interstitial/plasma space ratio is y Suc . The value for the extravascular to vascular ratio for chloride is then calculated as follows: Male dogs were used except for three reduced-hematocrit control animals and one acetazolamide-infused animal which were females; results obtained with females were, however, not significantly different from those obtained with males.
•Ljver blood flow (F) was calculated as the inverse of the area under either the sucrose or the chloride curve (its activity-time integral). tPacO2 is the arterial carbon dioxide partial pressure.
Mean transit times were calculated as the time integrals of the product of time and activity, divided by the area under the curve, and were corrected by subtraction of the mean transit times through the catheters.' §Vascular, interstitial or Disse's, and cellular spaces were calculated from transit times and blood flow, as described previously.
10
Vascular space was the product of Mood flow and the mean transit time of the leveled red cells; Disse space was the product of plasma flow and the difference between the mean transit times of labeled sucrose and labeled red cells; and hepatocytic cellular water space was the difference between the total water space (the product of blood water flow and the mean transit time for labeled water) and the vascular and interstitial water spaces. || Not included in the injection mixture. iln the presence of acetazolamide, samples were collected for up to approximately 30 seconds; mean transit times for water were thus not calculated because extrapolation of the downslope was not possible.
so that r a is the ratio (red cells : plasma) of chloride concentrations in red cell and plasma water, the result of the Donnan equilibrium.
A value of r a =0.70 has been determined previously. 8 ' 14 Thus, according to Equation 4, y a <-ysucj and labeled chloride will be expected to precede labeled sucrose in the hepatic venous outflow. The precession phenomenon has previously been observed in animals with normal hematocrit, 8 and it was also observed in those animals of the present investigation examined with reduced hematocrit in the presence of acetazolamide, where labeled sucrose was used as a reference (data not shown). The precession is much smaller at the lower hematocrit, because the erythrocyte space then constitutes a lower proportion of the total vascular space, and the value for /3 is, correspondingly, reduced.
Behavior of Tracer Bicarbonate in Control Experiments
Bicarbonate, like chloride, is a monovalent anion; its distribution between red cells and plasma will therefore be similar to that for chloride. Tracer bicarbonate exchange across the erythrocyte membrane is also mediated by capnophorin and is at least as rapid as that for chloride in human erythrocytes, 13 and the equilibrium concentration ratio (cells: plasma) for the free ion is the same as that for chloride because of the identical charge on both ions (r Bic =r SDC ). 15 In the absence of acetazolamide, the apparent space of distribution for tracer bicarbonate is much larger than that for chloride as a consequence of the exchange of bicarbonate in the blood and interstitium with the hepatocytes, secondary to the rapid equilibration between bicarbonate and carbon dioxide, mediated by the carbonic anhydrases. Other secondary phenomena also occur, their importance not being clear. Carbon dioxide binds to protein amino groups, forming carbamino proteins (in red cells, where it forms carbaminohemoglobin, and also potentially in hepatocytes). All these processes are rapid, with characteristic times that are much shorter than the transit time of the tracer through the acinar sinusoids (see "Discussion"). They are summarized schematically in Figure 2 . In the absence of carbonic anhydrase inhibition, tracer introduced as [ 14 C]bicarbonate will equilibrate between all these species at every point along the length of a sinusoidal path, and the overall behavior of the label will follow a flow-limited delayed-wave pattern. It resembles that of labeled xenon, which is differentially accumulated in red cells as well as hepatocytes relative to tracer water, and so our treatment will follow that developed for xenon. 12 
Relation Between Partition Coefficients and Distribution Spaces
In plasma, label introduced as tracer bicarbonate will be present in both bicarbonate and carbon dioxide; free carbonic acid (H 2 CO 3 ) may be neglected because its concentration is minimal compared with the other species. The concentration ratio of bicarbonate to carbon dioxide is governed by the equilibrium of the carbonic anhydrase reaction at the prevailing plasma pH, as defined by the Henderson- Hasselbalch equation. In red blood cells, the label will distribute between bicarbonate, carbon dioxide, and carbaminohemoglobin. Because carbon dioxide distributes passively between the aqueous phases, the carbon dioxide to water ratio in red blood cells will be the same as in plasma. In red blood cells, the concentration ratio of bicarbonate to carbon dioxide will be governed in the presence of an active carbonic anhydrase reaction by the prevailing pH, and, at the same time, the distribution of bicarbonate ions between plasma and the erythrocyte cytoplasm will be dictated by the Donnan equilibrium, with a plasma:red cell ratio identical to that for chloride. 15 The amount of label present in the form of carbaminohemoglobin will depend on the hemoglobin concentration, the partial pressure of carbon dioxide, the pH, and the 2,3-diphosphoglycerate concentration in the red blood cells, which binds to the N-terminal groups of the (3 chains and makes them inaccessible for carbamate formation. 16 Distribution of bicarbonate label between plasma and erythrocytes, and hepatocytes, will thus be characterized by an apparent space ratio, calculated as follows: (6) with an apparent partition coefficient for bicarbonate label between hepatocytes and plasma m^ [HCO 3 , the quotient of (cellular volume/plasma volume) to (cellular water space/plasma water space) was derived from the density and water content of the liver (1.08 g/ml and 0.78 ml/g, respectively). 12 
Intracellular Hepatocytic pH
Calculation of hepatocytic pH values involves estimation of an average representative of the whole. The cytosolic pH of rat hepatocytes, as measured in vivo by 31 P nuclear magnetic resonance imaging 21 -22 or by intracellular probes, 23 -24 has generally been between 7.2 and 7.25 and thus is similar to that in red blood cells. It is not known to what extent our present probe, carbon dioxide, will form carbamino compounds with proteins within the liver cells; thus, in interpreting the present data with respect to pH, there will be some uncertainty.
To obtain a better understanding of the physiological meaning of the present data set, we will therefore make two different assumptions and compare the resulting different calculations. We will assume first that the contribution of the carbaminoproteins in the hepatocytes is negligible, and we will attempt to calculate an average intracellular hepatocytic pH. In an alternative model, we will assume that the average intracellular pH is equal to the commonly measured cytosolic pH value of 7.20 and calculate the subsequent apparent contribution of carbaminoprotein formation to the uptake of label by hepatocytes. The partition coefficient for carbon dioxide between plasma and hepatocytes was set equal to that of water, thus [ Figure 3 ; the intracellular values vary concomitantly with blood pH but are lower than the calculated average blood pH values. The average calculated intracellular pH value appears slightly too high as compared with 31 P-measured cytosolic pH 21 -22 or with average pH values measured by microelectrodes 24 or the 5,5-dimethyl-2,4-oxazolidinedione (DMO) method. 24 - 25 Values measured with the latter method as well as with microelectrodes have been found to vary with changes in plasma pH, 23 
Experiments in the Presence of Acetazolamide
Because the behavior of bicarbonate in blood is very similar to that of chloride, the latter is the appropriate reference indicator for analyzing tracer outflow bicarbonate curves, especially in the presence of an inhibitor of the carbonic anhydrases. Whenever labeled sucrose was included in the injectate, the upslope of the bicarbonate profile preceded that of sucrose, the precession being more marked in high hematocrit experiments (data not shown). In contrast, bicarbonate and chloride outflow profiles always coincided in their initial upslope portions.
If bicarbonate were to penetrate the hepatocyte membrane as slowly as does chloride, the dilution curves for both anionic compounds would be identical. Indeed, when the experimental bicarbonate curves were obtained in the presence of acetazolamide, the data did assume this general form, with only a minor deviation ( Figure IB) . In most experiments, there was a minor displacement, indicating loss of bicarbonate tracer from the delayed wave (the points on the peak and the downslope portion of the bicarbonate curve fell slightly below that of the chloride curve, indicating a slow uptake of bicarbonate by the liver cells). Neglecting reflux of bicarbonate label from liver cells back to blood, the outflow profile for the tracer bicarbonate would be expected to be characterized 11 by the following equation:
where k is the rate constant for the loss of tracer from the bicarbonate pool in blood and the Disse's space. The average value for k, obtained by fitting the above equation to the experimental data, was 0.011±0.003 sec" 1 . This value is similar in magnitude to the fractional turnover rate expected from the uncatalyzed dehydration reaction, which is approximately 0.0064 sec" 1 (see "Discussion"). The observed slight deviation of the bicarbonate curve from the chloride curve can thus potentially be explained by the uncatalyzed dehydration of tracer to carbon dioxide, which then enters the hepatocytes and subsequently is likely primarily distributed into cytosolic bicarbonate by sulfonamide resistant carbonic anhydrase. The label that returns from the bicarbonate pool inside the hepatocytes by the reversal of these processes would reappear in the vascular space too late to be characterized prior to recirculation in the single-pass experiments. Alternatively, a proportion of the deviation may represent transport-mediated cell entry. 26 
Discussion
Interpretation of the Results
The experimental results described in this exploration demonstrate clearly that the hepatocyte membrane constitutes a barrier to the entry of bicarbonate ions and that bicarbonate tracer exchange occurs via transformation to carbon dioxide, which is the substance permeating the membrane. The transfer appears to occur because of the high membrane permeability to carbon dioxide and the high activity of the carbonic anhydrases catalyzing the conversion, especially those in the red cells and hepatocytes (mitochondrial as well as cytosolic). It has been known for a long time that chloride and bicarbonate exchange very rapidly across the red cell membrane. In the liver, however, the situation appears to be quite different, because labeled chloride exchange across the basolateral membranes of the liver cells is very slow. 27 -28 Chloride-bicarbonate exchange has been demonstrated to occur across the canalicular part of the liver plasma membrane. 29 However, presumably because in the intact organ this membrane fraction is not directly accessible from the vascular space, its activity in transporting chloride 28 and bicarbonate (present observations) has not been found to be large enough to be observed in indicator dilution experiments. The transmembranous transport of free carbon dioxide with its subsequent transformation to bicarbonate by mitochondrial carbonic anhydrase has similarly been suggested to underly the uptake of bicarbonate by the mitochondrion for its utilization in the processes of urea formation and gluconeogenesis. 30 -31 These conclusions are confirmed by the previous observation by Sies et al 32 of transient net proton movements across the hepatocyte membrane following step increases of carbon dioxide or monocarboxylates in the perfused rat liver. These authors observed a transient alkalization of the effluent perfusate after a stepwise increase of the perfusate carbon dioxide concentration and an opposite pH movement after a stepwise decrease; the result appeared, in each case, to be the result of transient net permeation of the uncharged species in response to a concentration gradient. Regulation occurs, of course, over a longer term. Thus Longmore et al 33 did not find any substantial change in hepatocyte pH an hour after a change of the perfusate carbon dioxide concentration. Part of this active pH regulation likely occurred through the amiloridesensitfve H + /Na + exchange system. 34 After completion of this work, results of similar experiments in a perfused rat liver preparation were reported by Lipsen et al. 35 The latter authors used rat livers perfused with saline and studied the transport of both labeled carbon dioxide and bicarbonate with and without addition of acetazolamide. Similar experiments with saline-perfused rat livers, but using an equilibrium mixture of both tracers in the absence of an inhibitor, have been reported previously by Bracht et al. 28 These results, obtained in perfused rat livers in the absence of red cells, are similar in many respects to those obtained in vivo in dogs. The shapes of the curves obtained in the absence of an inhibitor were very similar to that shown in Figure 1A , indicating rapid cellular penetration, and intracellular pH estimates were similar.
28
- 35 Injection of labeled bicarbonate in the presence of acetazolamide resulted in outflow profiles almost identical to those of 22 Na (an interstitial space indicator). 33 The results indicate that hepatocytes are impermeable to bicarbonate in both rats and dogs, and, at least in rats, there is carbonic anhydrase activity present at a site freely accessible to ions in the plasma. The site of this activity is not yet clear, but it seems likely that the carbonic anhydrase will be found to be associated with cell surface membranes of the hepatocytes or plasma membranes of the sinusoidal endothelial cells, paralleling a similar occurrence in the lung. 5 Since, in the dog experiments, red blood cells were present, the existence of hepatic cell-surface carbonic anhydrase in dogs could not be verified.
Net Production and Fixation of Carbon Dioxide
In the interpretation of the present experiments, bicarbonate and carbon dioxide production or consumption by metabolic processes was neglected. The values for total carbon dioxide content of arterial, portal venous, and hepatic venous blood, calculated from measured PCO2 and pH values, were not accurate enough to allow estimation of net production or consumption of carbon dioxide in the liver. This quantity may be estimated more accurately from the rates of metabolic pathways involved. If a respiratory quotient of 0.7 is assumed, then, from the measured oxygen consumption (an average of 1.26 iimo\ g min" 1 ), a carbon dioxide formation rate of about 0.9 /xmol g" 1 min" 1 is estimated, which constitutes only a small fraction (3%) of total bicarbonate and carbon dioxide delivery to the organ (which averages about 30 jimol g"
. Carbon dioxide fixation due to urea formation, when estimated on the basis of reported values of urea formation in dogs (300-500 mg day" 1 [kg body weight]" 1 ) 36 is about 0.2 /unol g" 1 min" 1 , a value less than 1% of total carbon dioxide delivery. The processes of gluconeogenesis and fatty acid biosynthesis do not lead to net carbon dioxide consumption; they do, however, cause incorporation of labeled carbon dioxide into cellular metabolites in exchange for unlabeled carbon dioxide. Similarly, formation of arginine in the urea cycle would cause incorporation of labeled carbon into proteins. 37 Fixation of labeled bicarbonate measured by reservoir disappearance of radioactivity has been estimated with perfused rat livers, 38 and rates between 4 and 22 jxmol g" 1 min"' wet weight were found (assuming a water content of 0.8 ml/g liver); the values obtained appear much too large (perhaps because of lactic acid release into the reservoir) and, moreover, are in conflict with experiments with substrate-free perfusions, where carbon dioxide fixation was found to be undetectable. 28 In whole dogs, carbon dioxide fixation has been found to be large; it is approximately 20% of the total carbon dioxide/bicarbonate turnover. 39 If all of this were hepatic, it would correspond to a fixation rate of 2 /xmol min" 1 g" 1 , or about 6% of the total delivery to the liver. The present evidence is, however, that the hepatic component of this is minor; the major proportion of the whole animal carbon dioxide fixation takes place in extrahepatic tissues, particularly in bone. 40 
Carbonic Anhydrase in Erythrocytes
The delayed-wave model depends on there being rapid rates of tracer exchange between the involved pools of material; their turnover times must necessarily be small in comparison with the transit time of tracer through the organ if the modeling is to be considered valid. Tracer exchange due to diffusion is a linear process and thus turnover times will be similar to equilibration rates for bulk material. For carbon dioxide, estimations show that equilibration within the capillary aqueous phase of plasma or of erythrocytes will proceed within milliseconds. 17 Transport of carbon dioxide across biological membranes proceeds via simple diffusion. 31 Equilibration across the red cell membranes and the pulmonary alveolar membrane has been found to proceed rapidly compared with the transit times in the organ. 17 The same should presumably hold for carbon dioxide and the hepatocyte membrane.
Equilibration of tracer between bicarbonate and carbon dioxide occurs through the action of the carbonic anhydrases. In the absence of these enzymes (or when they are completely inhibited), equilibration is very slow. The fractional turnover rate of bicarbonate is then 7.24xlfT 3 x89 sec" 1 =0.0064 sec" 1 and the turnover time is 155 sec, which is far above the transit times listed in Table 1 . In human erythrocytes, carbonic anhydrase accelerates dehydration by a factor of at least 10,000 17 ; the same will be true in dogs, in which the activity of the red cell enzyme is similar to that in humans. 43 This yields turnover times for bicarbonate in red cells of the order of 0.015 sec, which may be regarded as instantaneous, in the present context.
Thus, rapid equilibration of tracer between bicarbonate and carbon dioxide in blood is ordinarily present due to the carbonic anhydrase in erythrocytes. In this case, tracer outflow profile shapes will not depend on whether the injected tracer is bicarbonate or carbon dioxide, and the use of an equilibrium mixture of both tracers as obtained with a single syringe injection procedure is perfectly adequate. In saline-perfused rat livers, catalysis is presumably by surface-bound carbonic anhydrase, which is probably of a much lower activity, and thus equilibration could potentially remain incomplete in a single pass through the organ. In accordance with this reasoning, Lipsen and Effros 35 found significant differences in the shapes of the outflow profiles after injection of [ 14 C]carbon dioxide or [ 14 C]bicarbonate. These differences disappeared when carbonic anhydrase was added to the perfusate. 33 Similarly, kinetic interpretation of the outflow profiles obtained by Bracht et al 28 with an equilibrium mixture revealed a very high but finite rate of tracer exchange between perfusate and liver cells indicative of incomplete equilibration in the perfusate.
Carbonic Anhydrase Within Hepatocytes
Our working hypothesis implies rapid equilibration of bicarbonate and carbon dioxide within hepatocytes in the control situation due to the presence of a carbonic anhydrase in the cytosol. In the cytosol of rat hepatocytes, two isoenzymes of carbonic anhydrase have been reported, both showing a marked sexual dimorphism: carbonic anhydrase III is relatively sulfonamide-resistant and occurs in a higher concentration in the male rat, 44 whereas carbonic anhydrase II is more sulfonamide-sensitive and occurs in a higher concentration in the female rat. For both isoenzymes, differences have been described between the amounts around the portal and central portions of the acini. 45 The presence of a relatively acetazolamide-resistant carbonic anhydrase in the rat was inferred from the finding that in the presence of inhibitor, labeled carbon dioxide entering the hepatocytes was trapped, likely due to conversion to bicarbonate 35 ; the dog bicarbonate data may include a similar effect. Carbonic anhydrase also occurs in mitochondria of rat hepatocytes, where it plays an important role in hepatic metabolism. 46 The mitochondrial carbonic anhydrase is not accessible to bicarbonate unless the mitochondrial membranes are broken, 47 so the mitochondrial enzyme by itself cannot account for the observed phenomena. The potential sexual dimorphism and uneven distribution of carbonic anhydrase between the portal and central parts of the acini in the dog liver would not be expected to affect the results of the experiments as long as the activity of the enzyme remains high enough throughout the acinus to assure rapid randomization of label.
Formation of carbaminohemoglobin has been shown to proceed very rapidly, with equilibration times of fractions of a second at physiological Pco 2 and pH. 16 Presumably, the same will hold for the formation of carbamino proteins in the hepatocytes. The distribution space of bicarbonate label in hepatocytes appears to be in excess of what would be expected from pH values in the cytosol, and the excess appears to be explained by the formation of carbamino proteins in liver cells. The distribution space will also depend on the pH of the various intracellular spaces and their accessibility to labeled bicarbonate. The mitochondrial matrix is more alkaline than the cytosol, leading to a relative increase in its apparent distribution space for labeled bicarbonate, whereas lysosomes, which are acidic, will make a relatively smaller contribution in relation to their volume. The coincidence of the cytosolic pH, measured by nuclear magnetic resonance, 21 -22 and the average pH, measured with the DM0 method, 25 indicates that these effects tend to cancel each other, in large part.
